For the conterminous United States as a whole there have been increases in the annual frequency of occurrence of wet days and heavy precipitation days and in the mean daily and annual total precipitation over the past several decades, though these changes have not been uniform. The possibility of significant natural forcing of these interdecadal variations in precipitation is explored. It is shown that the PDO is associated with these fluctuations over the western and southern United States, while the AO is also associated with them but to a much lesser extent over the southeastern United States. Because the interdecadal fluctuations are linked to changes in the global scale circulation and sea surface temperatures associated with the PDO, the results imply that a significant portion of the skill of climate models in anticipating fluctuations in daily precipitation statistics over the United States will arise from an ability to forecast the temporal and spatial variability of the interdecadal shifts in tropical precipitation and in the associated teleconnection patterns into midlatitudes.
Introduction
Progress in determining how natural climate variability and change are related to extreme precipitation events has been hampered by a lack of accurate and complete long term estimates of precipitation at high spatial and temporal resolution. There are many problems with the climate records for precipitation (e.g. Easterling et al. 2000) , including inaccessibility of sufficiently long data records at daily timescales, incomplete and declining spatial coverage, and lack of consistent, high resolution, quality controlled analyses. Several previous studies have been successful in identifying the basic characteristics of trends in extreme precipitation events over the past several decades for specific regions such as the United States (e.g. Karl et al. 1995; Karl and Knight 1998 , Changnon 1998 , Kunkel et al. 1999 , Easterling et al. 2000 , Groisman et al. (1998 , 2005 ), but additional studies of the mechanisms that relate climate variability and change to the frequency of occurrence of daily precipitation events are needed.
Most areas of the globe are not adequately sampled, either by in situ or remote sensing, which makes accurate quantification of the basic statistical aspects of daily precipitation difficult to document. However, over the past decade the Climate Prediction Center (CPC) has developed a Unified Raingauge Database (URD) consisting of daily data from multiple sources and a precipitation quality control system and analysis (Higgins et al. 2000b ) that permits reasonable quantitative estimates of daily precipitation statistics over the United States. An important aspect of the present study is to demonstrate this capability by exploiting a historical daily precipitation analysis for the United States to address the following basic question:
What are the observed characteristics of fluctuations in daily precipitation occurrence and extremes over the United States, and how are they changing?
5 Ropelewski 1992) . Over the past couple of decades, the concept of the ENSO cycle has developed (e.g. Horel and Wallace 1981; Simmons et al. 1983; Held and Kang 1987; Karoly et al. 1989; Rasmusson and Mo 1993) , which includes a warm phase (El Niño) at intervals of every 4-5 years, a cold phase (La Niña), and intervening transition periods characterized by near-normal ocean temperatures.
Conventional ENSO indices based on equatorial Pacific sea surface temperature or the sea-level pressure difference between Darwin and Tahiti exhibit very little variability from one decade to the next. However, many of the tropical and extratropical expressions of ENSO exhibited a long term shift toward more 'El Niño-like' conditions after 1975 (e.g. Nita and Yamada 1989; Trenberth 1990; Trenberth and Hurrell 1994; Graham 1994; Latif and Barnett 1994, Gu and Philander 1997) , which was detectable in a variety of Pacific basin ecological systems (e.g. Ebbesmeyer et al. 1991; Mantua et al. 1997 ). There is well documented evidence of an analogous climate shift, but in the opposite sense around 1946 (and possibly also after the mid-1990's), that has also had a discernable influence on wintertime temperature and rainfall patterns over the United States Mantua et al. 1997; Hare and Mantua 2000; Dettinger et al. 1998; Higgins et al. 2000a ). This longer term Pacific decadal variability is often referred to as the Pacific Decadal Oscillation (PDO) (e.g. Mantua et al. 1997 ) and we will use that notation here. Gershunov and Barnett (1998) have argued that the effect of the PDO on precipitation (specifically the frequency of extreme daily rainfall) over the contiguous U.S. is largely through its modulation of ENSO.
The circulations of both hemispheres exhibit important ring-like (or annular) modes of variability encircling the poles that fluctuate on time scales ranging from a week to 6 decades (e.g. Thompson and Wallace 2000) . The Northern Hemisphere annular mode, often referred to as the Arctic Oscillation (AO) (Thompson and Wallace 1998) , is marked by opposing fluctuations in barometric pressure over the polar cap region and the midlatitudes, together with opposing fluctuations in the strength of the westerlies at subpolar and subtropical latitudes. The AO has wide ranging effects on weather over North America, Europe and Asia (e.g. Thompson and Wallace 1998; Thompson and Wallace 2001) . During the period from 1960-1990 a trend towards lower pressure over the poles, higher pressure in midlatitudes and stronger subpolar westerlies indicated a more persistent positive phase of the AO (Thompson et al. 2000) . Since 1990 a discernable trend in the AO is less clear. The well-known North Atlantic Oscillation (NAO) teleconnection pattern (Hurrell 1995) can be viewed as the regional expression of the AO in the Atlantic sector (Wallace 2000) , though questions remain on the dominance of the AO versus the NAO (e.g. Ambaum et al. 2001) . There is also evidence for tropical forcing of recent NAO activity (e.g. Hoerling et al. 2001) . A substantial portion of the AO variability is chaotic, or random (e.g. Frederiksen and Zheng 2004) , so it remains to be determined what fraction of the AO variability is potentially predictable at seasonalto-interannual timescales.
Focused study of these leading sources of climate variability over the last several years has revealed that they account for much of the systematic (i.e. predictable) portion of the atmospheric variability on seasonal-to-interannual-to-decadal timescales (e.g. Higgins et al. 2000a ). The background variability that remains after the effects of these leading modes are accounted for and removed from the climate record (referred to as a residual) is attributable to other possible factors including (1) random chance, (2) poorly 7 understood episodic phenomena (including other forms of natural climate variability, possible interactions of the effects of the main climate modes), (3) changes in the observing system, (4) global warming, and (5) anthropogenic influences. Statistical relationships between temporal indices of the leading sources of climate variability and changes in daily weather patterns (both temperature and precipitation) can provide quite detailed information on the climatic signature of these modes. Motivated by this, we employ the historical daily precipitation analysis for the United States discussed above and appropriate indices for ENSO, the PDO and the AO to examine some aspects of a second key question:
What are the relationships between these leading sources of climate variability and fluctuations in the frequency of daily precipitation occurrence over the United States on interannual and interdecadal time scales?
The current study is an extension of our earlier work (Higgins et al. 2000a) , which emphasized the influence of the leading sources of climate variability on the seasonal predictability and long term trends of U.S. precipitation. It builds on the results of previous studies (cited above) that have considered the interpretation of the leading modes of climate variability, and their possible role in the variability and predictability of precipitation. Here we focus on daily statistics and highlight changes that have occurred between the periods before and after the mid-1970s. Geographic maps are used to examine these fluctuations in more detail for all wet days and for specific thresholds (e.g.
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th percentile events). Because the analyses are carried out at higher spatial and temporal resolution than in our previous work, the results are in a form convenient for validation of state-of-the-art model simulations, such as the high-resolution simulations 8 with the NOAA coupled Climate Forecast System currently underway at the National Centers for Environmental Prediction (NCEP). We note that the present study does not emphasize precipitation events with durations longer than a day, though we recognize the need for improved understanding of relationships between multi-day rain events and flooding.
The datasets and analysis procedures used in this study are discussed in section 2. A brief review of the climatology of precipitation for the conterminous United States based on the URD is given in section 3 prior to the detailed analysis of daily precipitation statistics which are examined in detail in section 4. NOAA operational definitions for El
Niño and La Niña are used to relate ENSO to daily precipitation statistics in section 5.
Changes in the frequency of daily precipitation between the periods (1948-1975) and (1976-2004) , chosen to separate the well documented climate shift towards more El-Niño like conditions after 1975, are discussed in section 6. Linear regression techniques are used in section 7 to determine relationships between the PDO, the AO, and observed changes in the frequency of daily precipitation occurrence over the past few decades. A summary and future plans are given in section 8.
Data sets and analysis procedures
The daily precipitation analysis is obtained from CPC's Unified Raingauge Database (Higgins et al. 2000b Cressman (1959) scheme with modifications (Glahn et al. 1985; Charba et al. 1992) . Several types of QC were applied including a "duplicate station check" to eliminate duplicates and key punch errors, a "buddy check" to eliminate erroneous extreme values, and a standard deviation check that compares the daily raingauge data against a gridded daily climatology (see Higgins et al. 2000b for details). The PDO index is derived as the leading PC of low pass filtered monthly SST anomalies in the Pacific Ocean north of 20° N (Mantua et al. 1997; Zhang et al. 1997 ).
The monthly mean global average SST anomalies for the period of record have been removed to separate this pattern of variability from any "global warming" signal that may be present in the data. The AO index was developed at CPC for real-time monitoring purposes by applying the methodology of Thompson and Wallace 1998 In section 7 linear regression techniques are used to examine relationships between the PDO, the AO and observed changes in the frequency of daily precipitation occurrence over the United States. The calculations are based on differences between the period (1976-2004) and (1948-1975) computed from the observed data at each gridpoint.
Relationships between the climate variability and changes in precipitation statistics are estimated quantitatively as follows: (i) regress the observed precipitation time series onto the PDO (or AO) index to obtain regression coefficients, (ii) reconstruct the time series using the regression coefficients and the appropriate index, and (iii) take the difference between the period (1976-2004) and (1948-1975) using the reconstructed time series.
These computations provide quantitative estimates of the influence of the PDO and AO 11 to the observed fluctuations between the two periods. A residual is computed by removing the PDO and AO estimates from the total observed change between the two periods; the residual includes several possible components as discussed in section 1. We note that this methodology has been applied in our earlier studies (e.g. Higgins et al. 2000a ) to examine the dominant factors influencing trends in seasonal mean United
States precipitation and surface air temperature, but it has not been used to examine changes in the frequency of daily precipitation occurrence.
Critical values of the change in frequency of daily precipitation occurrence, of the change in total precipitation accumulation, and of the composite mean differences in the ENSO composites were evaluated statistically using a t test. The effective time between independent samples was computed using the method of Livezey (1995) . In each case statistical significance was assessed relative to the 95% confidence level.
Climatology
A brief review of the climatology of precipitation for the conterminous United States based on the URD is given so that fluctuations in the daily precipitation statistics can be characterized in a proper historical context.
The mean annual precipitation based on the daily precipitation analysis for the United States is shown in Fig. 2 . In an annual mean sense the wettest parts of the continent are in the Pacific Northwest and along the Gulf Coast, where annual average precipitation amounts exceed 1500 mm (60 in) at some locations. The driest areas of the continent are in the Desert Southwest where annual precipitation below 250 mm (10 in) is common. In portions of the West the data in the URD is more limited, and the terrain is very complex, which may contribute to significant errors in the analysis in these regions.
A Pacific Northwest precipitation maximum occurs in the fall and winter, but it is nearly absent in summer. A central Gulf Coast precipitation maximum occurs throughout the annual cycle, but it is suppressed to the immediate Gulf Coast and includes Florida during the summer months. During the summer a precipitation maximum occurs over the Great Plains in association with increased nocturnal convection.
Daily Statistics

Frequency
The pattern of mean annual frequency of measurable (> 1 mm) daily precipitation occurrence in the United States ( Fig. 3a) is similar in many respects to the pattern of mean annual precipitation (Fig. 2 ). The highest frequencies (greater than 40%
of the days) tend to occur in the same regions as the largest annual precipitation totals.
One exception is along the western slopes of the Appalachians, where the frequency of measurable daily precipitation is relatively high but the annual precipitation totals are not as high as in the Pacific Northwest and along the Gulf Coast. The lowest frequencies (less than 10% of the days) occur in the Desert Southwest where the mean annual precipitation is small.
Because the data have been objectively analyzed, the spatial coverage of light events is somewhat high and the coverage of heavy rainfall events is somewhat low. These are artifacts of all objective analysis techniques including the Cressman scheme. To explore the sensitivity of the frequency of measurable daily precipitation occurrence to the precipitation threshold, we show results for a threshold > 25 mm ( Fig. 3b ). At this threshold the highest frequencies (3-4% of the days) are found in the regions mentioned above.
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Daily precipitation statistics from the gridded analysis and the station observations for several major cities in the United States are compared in Table 1 . At a threshold of 1 mm the station observations yield mean annual frequencies of daily precipitation occurrence that are up to a factor of two lower than the analyzed frequencies at the more arid locations (e.g. Dallas, Los Angeles and Phoenix). A comparison of the frequency of extreme events (>25 mm) shows that there are generally fewer of them in the gridded analysis than at the stations, except at the west coast sites (Seattle and Los Angeles).
Annual precipitation totals tend to be comparable or lower at individual stations compared to the corresponding gridpoints, except at the wettest coastal locations (e.g.
Seattle and Miami) where individual daily events tend to be heavier and influenced to a lesser extent by surrounding observations in the objective analysis. The standard deviation of daily precipitation is somewhat higher at the station locations than at the corresponding gridpoints. Though the results indicate that daily precipitation frequencies at a threshold of 1 mm (25 mm) may be generally too high (too low) in the gridded analysis, this will not change the interpretation of the results in the remainder of this paper.
There is a large seasonal cycle in the frequency of daily precipitation occurrence in the Pacific Northwest (frequencies exceed 50% of the days during the winter, but drop to less than 30% of the days during the summer) and in the monsoon regions of the Southwest (not shown). In contrast, the seasonal cycle is relatively small over the eastern two-thirds of the United States.
An examination of the mean frequency of measurable (> 1 mm) daily precipitation occurrence by decade (1950s, 1960s, 1980s, 1980s and 1990s) , expressed as a percent 14 departure from the frequency for the entire period (Fig. 4) shows that daily precipitation events have increased over much of the western half of the United States (more than 30% at some locations) over the five decade period. Some of the signal in the west (particularly at high elevations) may be due to overestimates of the frequency of occurrence of light intensity events by the objective analysis scheme combined with fluctuations in the station coverage (see section 5).
The standard deviation of the frequency of measurable (> 1 mm) daily precipitation occurrence shows a very different pattern for the NH summer (JAS) as compared to the other seasons. During autumn, winter and spring, the highest values are found in the Pacific Northwest and along the central Gulf Coast due to synoptic-scale storm systems and mid-latitude fronts that provide focusing mechanisms for precipitation episodes. In summer the variability in these regions is much lower, but it increases in the Great Plains and in the monsoon area of the Southwest.
Extremes
Daily accumulations of precipitation were ranked (locally) for the period (by season) and heavy precipitation days were defined as those in the upper 10% of the daily distribution. For these calculations we used daily precipitation time series for wet days (a wet day at a particular grid point is defined as a day with measurable precipitation exceeding a threshold of 1 mm day -1 at that gridpoint). Geographical maps of the threshold for ranked daily precipitation at the 90 th percentile by season (not shown) reveal a marked annual cycle in the threshold in some regions. For example, in portions of the Pacific Northwest, northern California and along the Gulf Coast the threshold is at least two times higher during the winter (in excess of 25 mm) than during the summer (around 15 10 mm). The annual cycle is much weaker over the eastern United States, where precipitation occurs more regularly throughout the year.
The annual cycle of the fraction of total seasonal precipitation due to heavy (>90 th percentile) precipitation days (not shown) is also large in areas with pronounced wet and dry seasons. For example, in the Southwest the fraction of total rainfall explained by heavy precipitation days drops substantially during the summer monsoon (JAS) compared to the other seasons. On the other hand, the annual cycle is much smaller in the eastern United States where it tends to rain more consistently throughout the year.
The total accumulated precipitation due to heavy (> 90 th percentile) precipitation days has increased substantially (as much as 20%) over portions of the western and westcentral United States during the past several decades (Fig. 5) . These results are consistent with the observed changes in the mean frequency of measurable (> 1 mm) daily precipitation occurrence in the region (Fig. 4) . They are also consistent with the results of earlier studies by Groisman et al. (1998 Groisman et al. ( , 2001 Groisman et al. ( , 2004 Groisman et al. ( , 2005 . Since the threshold for ranked daily precipitation at the 90 th percentile has not changed by more than a few millimeters at any given location during this five-decade period (not shown), this implies that the average intensity of extreme events on the tails of the distribution (i.e. the variance) is increasing in these regions. The above features generally agree with previous studies (e.g. Kousky et al. 1984; Ropelewski and Halpert 1987; Aceituno 1988; Kiladis and Diaz 1989 ) that have highlighted regional precipitation anomaly patterns associated with ENSO events. We note that there is considerable non-linearity in ENSO's effect on heavy precipitation frequency over the contiguous U.S. (e.g. Gershunov 1998), suggesting that there may be better ways to examine the ENSO signal than composite differences.
Interannual Fluctuations
Interdecadal Fluctuations
In anticipation of section 7, here we examine the frequency distributions of daily precipitation for two periods, namely 1948-1975 and 1976-2004, chosen period (Fig. 8) . It is important to note that these increases have not been uniform.
Notably, the largest increases (up to 20% when expressed as a fraction of the total number of days in a particular interval) are for the extreme events. The change in shape of the distributions between the two periods ( Fig. 8c) indicates that the increase in extreme events is associated with increased variability of daily precipitation. These results are consistent with studies of long-term trends that have shown that areas with increases in daily rainfall have experienced increases in extreme events (e.g. Karl and Knight 1998; Groisman et al. 1998 Groisman et al. , 2001 Groisman et al. , 2004 Groisman et al. , 2005 .
In addition to the frequency distributions for the conterminous United States as a whole, we also examined the distributions for specific locations and for selected regions.
Increases in the frequency of heavy precipitation days have occurred in many areas of the country since the mid-1970s, especially in the west. In contrast to the area average results for the entire United States (Fig. 8) , the frequency distributions for individual locations and for small regions have more dry days and more extremely wet days;
consequently, the relative changes between the two periods are larger than for the area average results. In our future work we will examine the frequency distributions in more detail, with emphasis on the mechanisms for these fluctuations.
Overall, these results are consistent with previous studies that have reported interdecadal variations of precipitation over western portions of the conterminous United
States that are tied to interdecadal shifts of global atmospheric circulation and SST anomaly patterns (e.g. Higgins et al. 2000a) , suggesting that the precipitation fluctuations are at least partly due to low-frequency climate processes on the global scale (e.g. Cayan et al. 1998; Gershunov and Cayan 2003) .
Relationships to Climate Variability
Relationships between the PDO, AO, and long-term (interdecadal) fluctuations in the frequency of daily precipitation occurrence are estimated quantitatively using the method outlined in section 2. Changes in the frequency of measurable (> 1 mm) daily precipitation occurrence (Fig. 9 ) and in the total accumulated precipitation per year for all wet days (Fig. 11 ) and for heavy (> 90 th percentile) precipitation days (Fig. 12 ) are based on differences between the periods (1976-2004) and (1948-1975) at each gridpoint over the United States. Areas where the changes are significant at the 95% level are indicated by shading on each figure.
Observed changes in the frequency of measurable daily precipitation occurrence ( Fig.   9a ) are largest over the western US, where increases exceed 5% of the number of days in a year. The PDO-related (Fig. 9b ) changes are substantial, and explain about half of the observed increase over the western half of the Nation. The residual change (Fig. 9d) , obtained by removing the PDO-related (Fig. 9b ) and AO-related (Fig. 9c ) changes ( (Fig. 10b) , exhibits a trend that is similar to that in the time series of station counts for this region (Fig. 10a) . Overall, these results indicate that the change in the frequency of measurable daily precipitation occurrence is at least partly due to changes in the station network. In section 7.1 we use a different precipitation dataset (the Hourly Precipitation Dataset of Higgins et al. 1996) to examine the possible influences of spatial homogeneity and temporal continuity on the results.
Changes in the frequency of measurable (> 1 mm) daily precipitation occurrence generally correspond to changes in the total accumulated precipitation per year (Fig. 11) , with substantial increases over most of the US, except in portions of the Southeast, northern tier-of-states, and along the Pacific Northwest Coast. Much of the change between the two periods is explained by the PDO (Fig. 11b) . Relationships with the AO are weak (Fig. 11c) and not statistically significant.
Increases along the Gulf Coast exceed 100 mm (4 inches) per year at some locations (Fig. 11a) . Since the mean annual precipitation totals are as large as 1500 mm in this region (Fig. 2) , this increase represents roughly 5%-10% of the mean annual rainfall.
Increases exceeding 50 mm are also observed at many locations in the central and western US (Fig. 11a) , and again this represents a 5%-10% increase.
Previous studies of long-term trends in precipitation have shown that in many regions where average rainfall has been increasing, there have also been trends in extreme precipitation events (e.g. US CCSP 2003) . A comparison of the patterns in Figs. 11a and 12a confirms that this is also true when differences between the two periods and are considered.
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The seasonality of the changes documented in Figs. 11 and 12 has also been examined. The changes along the southern tier-of-states have primarily occurred during the winter and spring seasons (not shown), consistent with the relative increase in El Niño events, and consequently El Niño-related influences on precipitation during the more recent period.
Influence of spatial and temporal continuity
The Hourly Precipitation Database (HPD) of Higgins et al (1996) does not include the SNOTEL or the RFC stations, and hence is a more spatially and temporally homogeneous data set than the URD. The HPD still suffers from some incomplete station records, but to a lesser extent than the URD (a factor we intend to address in follow-on studies).
A reexamination of the annual frequency of measurable daily precipitation occurrence for the Northern Rockies (Fig. 13b) shows a slow steady increase since the late 1940s, though the frequencies are lower than in the URD (Fig. 10b) as would be expected due to the lack of mountain sites in the HPD. Overall there is an increase of roughly 6% (22 days per year) from the 1940s to the 1990s. An examination of the station counts in this region from the HPD (Fig. 13a) shows that there are no large jumps in the late 1970s or early 1990s as in the URD (Fig. 10a) , though there is an unexplained change during the 1950s (Fig. 13a) . However, the relatively stable station counts since then lend credence to the conclusion that the annual frequency of measurable daily precipitation occurrence has increased in this region (Fig. 13b) .
The HPD was also used to reexamine the relationships between the PDO and AO, and changes in the annual frequency of measurable (> 1 mm) daily precipitation occurrence expressed as a fraction of the number of days in the year (Fig. 14a) . The HPD pattern is similar to the URD pattern (Fig. 9a) , except that the differences in mountainous areas of the western United States are somewhat lower, averaging around 2-3% (7-11 days).
Again the PDO-related changes are significant in the western United States (Fig. 14b) while the AO-related changes are negligible (Fig. 14c) . The residual (Fig. 14d) is a rather uniform increase of roughly 1% (~ 4 days) over most of the nation, though these changes are significant in limited portions of the west-central United States..
The HPD was also used to examine changes in the accumulated precipitation per year due to wet days (not shown) and due to heavy (>90 th percentile) precipitation days (not shown). The patterns are qualitatively similar to those shown in Figs. 11 and 12, respectively, and the quantitative comparison is quite good for the eastern two-thirds of the US. Additional details (including the seasonality of these changes) will be examined after the HPD and URD datasets are reanalyzed using temporally complete station records.
Summary and Future Plans
Fluctuations in the frequency of daily precipitation occurrence over the United Continued progress will require advancements in scientific understanding of the climate variations themselves and in quantitative estimates of how these variations alter the frequency of daily precipitation occurrence. Improved climate-quality daily precipitation data sets are essential. Ultimately, these studies should lead to improved forecasts of precipitation extremes.
One of the key issues raised in this study concerned changes in the observational data base over the western United States during the period of record. By comparison of the URD (less homogeneous in space and time) to the HPD (more homogeneous in space and time), we were able to obtain an improved quantitative estimate of the daily precipitation fluctuations in that region. In the future, we will improve our quantitative estimates further by requiring that station records be sufficiently complete (e.g. 80% or greater)
prior to the objective analysis. In the future we also plan to apply the method used in section 7 to a study of long-term fluctuations in other types of extreme weather events (e.g. daytime maximum temperature, nighttime minimum temperature). This will include assessments of the ability of state-of-the-art climate models to simulate observed fluctuations in weather extremes during the 20 th century. Models are also getting to the point that it will be useful to examine the regionality of the fluctuations in extreme weather events in more detail than has been done in the past.
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